R ecent results of clinical islet transplantation
have clearly demonstrated that islet transplantation can provide a population of type 1 diabetic patients with sustained and improved glycemic control and a period of insulin independence, but the current necessity for Ͼ10,000 islet equivalents (IE)/kg recipient body wt and the need for life-long immunosuppression limit the availability and applicability of this procedure (1) . Investigation into the pathogenesis of type 1 diabetes and the relatively low incidence of diabetes following partial pancreatectomy has suggested that only a portion, perhaps as little as 20% of the islets within a pancreas, are necessary to maintain euglycemia (2, 3) . However, long-term follow-up of surgical patients after hemipancreatectomy suggests that obesity and/or insulin resistance may impair glucose tolerance (4) . Since many more islets must be transplanted to reverse diabetes, a significant portion of the transplanted islets fail to engraft and become functional. It has been estimated that up to 70% of the transplanted ␤-cell mass may be destroyed in the early posttransplant period (5) (6) (7) . Since this profound loss has been observed in both immunodeficient and syngeneic islet transplantation models, the biggest factor that negatively influences islet survival likely reflects a nonimmune-mediated physiological stress, namely prolonged hypoxia during the revascularization process, which can take up to 2 weeks (8 -11) . Tissue factor expression and release in isolated islets may also negatively influence the engraftment of transplanted islets through the instant blood-mediated inflammatory reaction (IBMIR) and subsequent platelet activation, clot formation, and lymphocyte recruitment (12, 13) . Also, local secretion of proinflammatory cytokines by infiltrating lymphocytes further contributes to islet demise. For all of these reasons, a significant fraction of the islet graft becomes injured rapidly after portal infusion and is lost due to apoptosis, which begins during the isolation process, peaks 2-3 days' posttransplant, and continues for approximately 2 weeks, until what remains of the graft has stabilized and become revascularized (5,6,9,11,14 -16) . During this engraftment period, the islets are continuously exposed to immunosuppressive drugs, including tacrolimus and sirolimus, which are known to adversely impact ␤-cell survival and function (17) . These negative effects are likely compounded by the proximity of the transplanted islets and high concentrations of these drugs in the hepatoportal circulation, further contributing to loss in ␤-cell mass over time (18, 19) .
Given the limited supply of cadaveric donor pancreata and the prevalence of type 1 diabetes, considerable efforts have been made to prevent the loss of islet mass in the immediate posttransplant period. Many studies targeted at enhancing islet survival during the early posttransplant period have been published, and a variety of different strategies have been tested. For example, overexpression of molecules known to enhance revascularization, such as vascular endothelial growth factor, have been attempted, but these have yet to exhibit a significant impact on islet graft survival (20) . This is likely related to the fact that although vascular endothelial growth factor expression will hasten the revascularization process, it cannot provide an immediate benefit to the transplanted tissue. Other groups have tested several different molecules that inhibit the generation of and/or damage mediated by reactive oxygen species (ROS), including glutathione peroxidase, superoxide dismutase, and heme oxygenase-1 (21) (22) (23) (24) . Although these molecules can individually protect islets during controlled in vitro challenges where ROS are specifically produced, the in vivo benefit of such an approach has only been demonstrated when glutathione peroxidase and superoxide dismutase were coexpressed in transgenic islet grafts (25) . Likewise, anticoagulation strategies aimed at inhibiting the IBMIR, using injection of activated protein C or inhibition of thrombin, have shown only a modest benefit in a limited series of in vivo studies in animal models, and early results of clinical interventional strategies are pending (13, 26) . The failure of each of these approaches to significantly preserve islet mass posttransplant is most likely related to the fact that the islets are already quite stressed due to the isolation process. As such, they are past the point of gaining overall benefit from molecules that block or ameliorate specific steps along the path to cell death, such as during the production of ROS, the IBMIR, or the later stages of chronic hypoxia.
Since the processes described above involve both extracellular (i.e., IBMIR) and intracellular (i.e., hypoxia and ROS) stimuli leading to ␤-cell apoptosis, another approach to preserve ␤-cell mass in the early posttransplant period has been to directly inhibit the apoptotic cascade. Widespread apoptosis in the implanted tissue may also have long-term deleterious consequences in islet transplantation, since the recipient's immune system is challenged with a large amount of apoptotic tissue, possessing both allo-and autoantigens from two or more donors. This suggests that preservation of islet graft mass and function with long-term immunosuppression or tolerance induction is a major obstacle in the clinical setting.
PATHWAYS TO CASPASE ACTIVATION AND APOPTOSIS
Higher-order organisms must regulate both the quality and quantity of each cell type they possess in order to prevent the deleterious effects associated with overgrowth, mutation, infection, or damage. This evolutionarily conserved mechanism is termed apoptosis, or "programmed cell death," and there are multiple triggers and pathways that control its initiation and progress within the cell. At the heart of this mechanism lies the caspases, a set of highly conserved cysteine proteases that are activated by a variety of proapoptotic stimuli. Caspases are activated in a hierarchical order, where initiator caspases (i.e., caspases-8, and -10) function to cleave effector caspases (i.e., caspases-3 and -7), which in turn degrade a number of intracellular protein substrates. This leads to the classical morphological changes associated with apoptosis, including chromatin condensation, nuclear degeneration, and cellular dehydration (27) .
Extracellular events present during the inflammatory response, such as the release of cytokines, including tumor necrosis factor (TNF)-␣, interleukin-1␤ (IL-1␤), and interferon-␥ by infiltrating leukocytes or direct cytotoxic T-cell engagement, can initiate apoptosis. These "extrinsic" cues function via surface molecules in the death receptor pathway, where specific ligand-receptor binding (28) . Caspase-8 associates with the DISC complex, where it is activated and released, leading to effector caspase activation (notably caspase-3) ( Fig. 1) (27, 28) .
Intracellular or "intrinsic" cues, such as DNA damage, hypoxia, nutrient deprivation, or ROS, function via the mitochondrial pathway, which is tightly modulated by the BCL-2 proteins. In a healthy cell, proapoptotic BCL-2 proteins (Bim, Bid, Bad, Bax, and Bak) are present in their inactive form, while antiapoptotic BCL-2 proteins (BCL-2 and BCL-XL) are constitutively active and reside in the outer membrane of the mitochondria (29) . Following an intrinsic cue, proapoptotic BCL-2 proteins become activated and translocate to the mitochondria, where they either bind to and inactivate antiapoptotic BCL-2 proteins or form pores in the mitochondrial membrane, which facilitates the release of cytochrome c into the cytosol. Once cytochrome c accumulates in the cytosol, it complexes with procaspase-9 and Apaf-1 to form the "apoptosome," which in turn activates caspase-3 ( Fig. 1) . Thus, the default BCL-2 signal is to preserve mitochondrial membrane integrity and prevent apoptosis, and as such, apoptosis can only occur when the concentration of proapoptotic BCL-2 proteins exceeds that of the antiapoptotic BCL-2 proteins at the mitochondrial membrane. It should be noted that the mitochondrial pathway can be indirectly triggered through less obvious extracellular signals. For example, following death receptor ligation, activated caspase-8 can cleave and activate Bid (29) . Both intrinsic and extrinsic signaling cascades converge at the point of caspase-3 activation, which is often considered the "point of no return" in apoptosis (rev. in 27,30).
GENETIC MANIPULATIONS TO PREVENT 〉-CELL APOPTOSIS
Inhibition of extrinsic signals. Type 1 diabetes occurs following the selective loss of pancreatic ␤-cells, which is characterized by mononuclear cell infiltration around and within the islets, a histological feature termed "insulitis." This peri-islet inflammation is associated with proinflammatory cytokine (i.e., IL-1␤, TNF-␣, and interferon-␥) release by monocytes and Fas ligation by autoreactive T-cells, leading to the destruction of the ␤-cells and the onset of hyperglycemia (31) . Since the sensitivity of islets to cytokine-and Fas-mediated apoptosis during the process of autoimmunity is compelling, and since the alloimmune response exerts a similar effect on transplanted tissue, some of the earliest efforts in prevention of ␤-cell death following transplantation have involved the inhibition of these extrinsic signals (32) (33) (34) (35) (36) (37) .
Apoptosis via Fas/FasL interactions has been proposed to be a major T-cell-mediated effector mechanism in the pathogenesis of type 1 diabetes. Examination of Fas expression in transplanted syngeneic islets from nonobese diabetic (NOD) mice demonstrated that autoimmune infiltration of islet grafts leads to high Fas levels in ␤-cells (37) . In addition, it has been shown that proinflammatory cytokine exposure leads to enhanced Fas expression in both murine and human islets (32, 37) . As mentioned previously, Fas signaling leads to FADD recruitment, DISC formation, and caspase-8 activation. Similarly, proinflammatory cytokines bind to their receptors on ␤-cells, leading to apoptosis via FADD recruitment and caspase-8 activation. In the mid-1990s, an endogenous inhibitor of caspase-8 activation was identified, termed the cellular FLICE-inhibitory protein (cFLIP) (38) . (FLICE is another name for caspase-8.) cFLIP is the same length as and structurally similar to caspase-8, but its caspase domain is altered, rendering it enzymatically inactive. Thus, cFLIP functions as a dominant-negative inhibitor of caspase-8 at the DISC, preventing the activation of caspase-8 and its ability to activate downstream effector caspases (Fig. 2) .
Given the attractive antiapoptotic function of cFLIP, the protective effect of cFLIP overexpression in ␤-cells during islet transplantation has been investigated. By stably transfecting a growth-regulatable murine ␤-cell line (␤TC-Tet) with cFLIP, Cottet et al. (39) demonstrated that cFLIP overexpression prevented cytokine-mediated apoptosis in vitro, although it did not preserve glucose-stimulated insulin release during this insult. Lentiviral-mediated cFLIP overexpression in another murine ␤-cell line (NIT-1) has also been shown to prevent cytokine-mediated ␤-cell death in vitro (40) . However, the in vitro benefit of cFLIP overexpression in islet ␤-cells has not been observed in vivo (41) . This disappointing observation can most likely be attributed to the recent finding that cFLIP has a dual functionality that depends on expression levels and can, under some circumstances, actually promote apoptosis. Initially, it was determined that cFLIP-deficient cells were more sensitive to death receptor-induced apoptosis, which is consistent with the role of cFLIP as a dominantnegative inhibitor of caspase-8 (38) . However, recent data have shown that at high expression levels, cFLIP can activate procaspase-8 via heterodimerization (38) . Since caspase-8 is also involved in cell cycle progression and proliferation, complete blockade of caspase-8 may be undesirable, so it makes sense that at high levels of expression, cFLIP no longer inhibits its activation. In the context of islet transplantation, it is quite difficult, if not impossible, to consistently transduce all of the cells within an islet and establish uniform expression levels of a transgene in each of the islet ␤-cells using a viral vector (the most efficient way to deliver genes to intact islets). It is therefore not surprising that no in vivo experiments have been published that demonstrate a protective benefit of cFLIP overexpression in islet grafts. Also, considering that cFLIP only prevents the extrinsic pathway of apoptosis and as such has no effect on intrinsic signals, such as hypoxia or ROS, it is unlikely that cFLIP alone could adequately protect islet grafts.
In addition to transmitting apoptotic signals through receptor ligation, cytokine exposure can exert additional negative effects on islets by upregulating proteins, including inducible nitric oxide synthase, that lead to the generation of ROS within ␤-cells, activating the intrinsic pathway to apoptosis via the mitochondria. This secondary signal occurs via activation of the transcription factor nuclear factor-B (NF-B). In healthy cells, NF-B is sequestered in the cytoplasm by the protein inhibitor of B kinase (IK), and following inflammatory stimuli (i.e., cytokine or lipopolysaccaride exposure, ROS generation following reperfusion injury), IK is phosphorylated, which liberates NF-B and allows its translocation to the nucleus (42) . Depending on the cell type and stimulus, NF-B can promote transcription of proapoptotic genes or antiapoptotic genes. NF-B activation in ␤-cells has been associated with the upregulation of proinflammatory genes, including IL-1␤, intracellular adhesion molecule-1, and inducible nitric oxide synthase (42) . An endogenous inhibitor of NF-B that prevents its activation has been identified, termed A20 (Fig. 2) . A20 is a zinc-ring finger protein not normally expressed in healthy cells and is instead upregulated by NF-B to provide feedback inhibition following its activation (43) . The exact interaction between A20 and NF-B has been poorly understood until recently, when it was determined that A20 inhibits IK phosphorylation indirectly by ubiquitin modification of the upstream kinases that act upon it, rendering them inactive (43) . Since inhibition of NF-B with A20 could potentially inhibit extrinsic apoptotic signals, as well as some intrinsic signals (i.e., reoxygenation injury), the protective benefit of its overexpression in islets has been studied. Adenovirally mediated overexpression of A20 in rodent and human islets reduced cytokine-induced apoptosis and subsequent ROS production in vitro (44) . A20 overexpression has also been associated with improved islet survival in vivo, using a syngeneic marginal islet mass transplantation model. Gray et al. (45) showed that grafts containing 250 islets overexpressing A20 reversed diabetes in 75% of the recipients, compared with control grafts of 250 islets, which only reversed diabetes in 20% of recipients. However, there was still evidence of caspase-3 in islet grafts from both cohorts, confirming that A20 does not inhibit all pathways of posttransplant apoptosis (45) .
Despite its apparent promise, the long-term prospects of A20 in clinical islet transplantation remain unclear. NF-B is not activated during hypoxia, a major determinant of posttransplant islet loss, so A20 overexpression cannot overcome this early trigger of ␤-cell death. It has also recently been determined that following oxidative stress, A20 actually enhanced ROS-induced apoptosis (46) . Although NF-B activation is most often assumed to upregulate proinflammatory genes, a series of experiments by Fan et al. (47) clearly demonstrated that the timing of NF-B activation significantly influences apoptotic outcomes following various stimuli. For example, inhibiting NF-B activation during reperfusion injury lead to increased apoptosis, while inhibiting NF-B activation before reperfusion injury prevented apoptosis (47) . Thus, the timing of A20 expression may be critical in determining islet survival, which provides an additional layer of complexity to the clinical implementation of A20 therapy.
Inhibition of intrinsic signals. Given the mixed success of extrinsic apoptotic signal inhibition in experimental islet transplantation and the major contribution of intrinsic signals to islet death posttransplant (i.e., hypoxia, ROS formation during reperfusion, nutrient deprivation, etc.), strategies targeted at preventing mitochondria-mediated apoptosis have been extensively investigated. Many experiments have examined the impact of BCL-2 overexpression in ␤-cell lines and islets and have shown that it can inhibit apoptosis due to hypoxia, proinflammatory cytokines, staurosporine, serum withdrawal, and xenoreactive antibodies in vitro (48 -51) . However, these promising results have been met with mixed outcomes in animal models of transplantation. Adenovirally mediated BCL-2 overexpression in macaque islets reduced the number of islets necessary to reverse diabetes in chemically diabetic nude mice, while ␤TC-Tet cells stably transfected with BCL-2 exhibited no survival advantage in vivo, despite enhanced proliferative capacity (41, 48, 51) . Another antiapoptotic BCL-2 family member, BCL-XL, has proven to be effective in preventing apoptosis triggered by IL-1␤, staurosporine, and serum withdrawal in vitro (52) . While transgenic overexpression of BCL-XL in islets prevented ROS-induced apoptosis in vitro, the transgenic animals were severely glucose intolerant due to a defect in mitochondrial nutrient metabolism and signaling for insulin secretion (53) . Also, consistent with the inability of BCL-2 family members to inhibit extrinsic signals of apoptosis, transgenic expression of BCL-2 in islets had no effect on the T-cell-mediated destruction of islets or diabetes onset in NOD mice (53) . Thus, it remains unclear how much of an impact BCL-2 or BCL-XL overexpression might have in clinical islet transplantation.
EFFECTOR CASPASE INHIBITION TO PREVENT BOTH EXTRINSIC AND INTRINSIC SIGNALS
Based on the studies cited above, it has become clear that inhibition of either the extrinsic or intrinsic pathway of apoptosis alone is insufficient to profoundly promote ␤-cell survival posttransplantation. Combining inhibitors of both pathways might enhance islet protection, but the difficulties in efficiently and reproducibly delivering and regulating multiple genes presents a significant challenge in islet transplantation. It would therefore be most attractive to inhibit apoptosis at a point beyond the convergence point of both pathways with a single gene product, in effect, preventing all ␤-cell apoptosis, regardless of the specific stimuli. Over the past decade, a new family of endogenous apoptosis modulatory proteins has been identified, the inhibitors of apoptosis proteins. These proteins share common structural motifs with unique functions that work in unison to block, and possibly degrade, multiple effector caspases late in the cascade of apoptotic triggers, thus preventing cell death at one common point for a variety of different activation pathways. In other models of apoptotic disease, overexpression of X-linked inhibitor of apoptosis protein (XIAP), the most potent inhibitor of apoptosis protein, has produced impressive data. XIAP, which binds to the active site of all of the main effector caspases (caspase-3, -7, and -9), is known to prevent apoptosis triggered by a number of stimuli in vitro, including Fas ligation, cytokine exposure, hypoxia, reoxygenation injury, nutrient withdrawal, and chemotherapeutic agents (54 -57) . Brain injury due to transient forebrain ischemia and retinal degeneration in an animal model of retinitis pigmentosa were markedly reduced by overexpressing XIAP in the target tissue using an adenoviral vector (55, 58, 59 ). Thus, XIAP has shown promise as a potential gene product that could provide a significant survival advantage to transplanted islets in the face of the diverse and plentiful apoptotic stimuli present following portal vein infusion and during the prolonged engraftment period.
Several recent studies examining the effect of adenovirally delivered XIAP overexpression have shown promise in experimental islet transplant models. XIAP overexpression in ␤TC-Tet cells, a growth-regulatable murine ␤-cell line, significantly enhanced ␤-cell survival in vitro during periods of stress due to hypoxia, hypoxia followed by reoxygenation, and cytokine insult (60) . XIAP overexpression preserved both ␤-cell viability and glucose responsiveness, the latter being a critical function that ordinarily disappears very early on during hypoxic stress. These results were confirmed in vivo by the finding that the mean time to achieve normoglycemia in recipient mice was decreased nearly sevenfold when XIAP was overexpressed within ␤-cell grafts (60) . The protective benefit of XIAP overexpression has also been documented in isolated human islets (61, 62) . XIAP overexpression has been shown to prevent the diabetogenicity of the immunosuppressive drugs tacrolimus and sirolimus in vitro (62) . It has also been demonstrated that XIAP-transduced human islets were significantly less apoptotic in an in vitro system that mimics hypoxia and hypoxia/reoxygenation injury (61) . In the same study, a series of marginal mass islet graft transplants were performed in streptozotocin-induced diabetic NOD-RAG Ϫ/Ϫ mice, and 89% of animals became normoglycemic with only 600 XIAP-transduced human islets (61) . In terms of allogeneic islet transplantation, a recent study has shown that 90% of streptozotocininduced diabetic CBA/J (H2-k) animals receiving XIAPtransduced Balb/C (H-2d) islet allografts survived up to 72 days (an end point established to collect tissue for histology), compared with a mean allograft survival of 17 days in LACZ-transduced control grafts (63) . Remarkably, despite the presence of a CD45ϩ immune infiltrate in XIAP grafts at day 10 posttransplant, this immune infiltration was completely absent by day 60 posttransplant, suggesting that the apoptosis-resistant XIAP grafts failed to adequately prime the recipient's immune system, resulting in a state of immune ignorance or tolerance in the absence of immunosuppressive therapy (63) .
CONCLUSION
Before clinical islet transplantation can be made accessible to a broader population of patients with type 1 diabetes, the current necessity for large amounts of donor islet tissue must be overcome. Since it has been determined that Ն60% of the islet tissue is lost to apoptosis soon after portal infusion, even in the absence of immune destruction, preventing this early posttransplant death would have an immediate impact on islet transplantation. The processes that negatively influence the survival of transplanted islets are diverse and complex, but they all ultimately lead to apoptosis. Significant efforts have been made to inhibit specific apoptotic triggers, either extrinsic (cFLIP and A20) or intrinsic (BCL-2 and BCL-XL). These proteins have proven quite effective in enhancing ␤-cell survival in vitro, following exposure to the particular stimulus each protein is known to block. However, reproducing the protective effect using transplanted islets has been difficult and largely unfruitful. Recent studies using XIAP strongly support the concept that inhibition of apoptosis at the level of effector caspases promotes ␤-cell survival in islet transplantation, effectively preventing cell death triggered by extrinsic and intrinsic pathways at the same time. Since XIAP overexpression has been shown to reduce the amount of tissue required to restore euglycemia, delivery of the XIAP gene to clinical islet grafts should broaden the availability of cadaveric islet transplantation and possibly living donor islet transplantation. Enhancing islet survival posttransplant should prolong graft longevity resulting in a more quiescent immunological state and thereby enhancing long-term rates of insulin independence, a hypothesis supported by the finding that XIAPtransduced murine allografts survived long term (63) . In the clinical setting, inhibition of islet apoptosis in the immediate posttransplant period may reduce the amount and intensity of antirejection therapy, accelerating "accommodation" and drug minimization. If these outcomes could be achieved, islet transplantation would be potentially safer and therefore more available to a broader spectrum of patients with type 1 diabetes, including children.
